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ABSTRACT 


i 


This  thesis  introduces  the  effect  of  the  loss  to  the 
homogeneous  f inline  strip  model.  The  expressions  for  the  Quality 
Factors  associated  with  the  ohmic  losses  for  inductive  strips  in 
homogeneous  finline  are  derived  and  included  in  the  CAD  compatible 
circuit  model  in  terms  of  the  finite  Q  inductances .  It  is  shown 
that  the  lossy  circuit  models  more  accurately  predict  the 
experimental  response  of  an  X  band  finline  filter 
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I .  ZMTRODnCTXON 


A..  BACKGROUND 

Integrated  finline  was  first  introduced  as  a  low-loss 
transmission  line  by  Paul  J.  Meier  in  1974  [Ref-l]-  Finline  is 
superior  to  microstrip  in  many  respects  for  millimeter 
wavelengths.  Advantages  include  low-loss,  low-cost,  suppression 
of  higher  mode  propagation,  wide  useful  bandwidth,  simple 
interfacing  with  waveguide  circuits  and  eased  production 
tolerances 

Since  finline  has  many  advantages  it  has  found  a  wide  range 
of  applications  in  millimeter  wave  engineering.  A  unilateral 
finli.ne  configuration  is  shown  in  Figure  1  below. 


Met&I  Fins 


Figure  1.  Unilateral  fmline  configuration. 


In  its  most  general  form,  finline  has  metallic  fins  printed 
onto  a  thin  dielectric  slab  that  allows  the  process,  ing  of  complex 
millimeter  wave  circuits  on  a  single  dielectric  substrate.  The 
substrate  is  then  inserted  in  the  electric  field  plane  of  a 
dominant  mode  rectangular  waveguide.  The  finline  structure  where 
no  dielectric  siabstrate  is  used  is  called  homogeneous  f inline. 

Figure  2  shows  an  inductive  strip  in  a  finline  structure. 
It  is  a  primary  element  used  in  the  design  of  finline  filters . 


Inductive  strip 


Figure  2.  Inductive  strip  discontinuity  in  a  tuulateral  finline. 

For  practical  applications  of  this  important  finline 
discontinuity,  simple  and  accurate  equivalent  circuit  models  were 
developed  by  Jeffrey  B.  Knorr.  These  are  well  suited  for  CAD 
[Ref .2]  . 

Figuj e  3  presents  one  cf  the  circuit  models  for  the  inductive 
strip  itt  homogeneous  finline  [page  28  in  Ref. 2].  It  simply 
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consists  of  two  below-cutoff  waveguide  sections  representing  the 
space  on  each  side  of  the  strip  extending  up  to  the  guide  wall  and 
two  inductances  '..hat  model  the  strip  edge  discontinuity. 


Figure  3.  Circuit  model  for  an  inductive  strip  in  a  homogeneous  finline. 

B .  RKXATEO  WORK 

Numerous  studies  of  finline  and  the  inductive  strip 
discontinuity  have  been  conducted  by  Jeffrey  B.  Knorr  and  his 
thesis  students  in  the  last  decade  at  the  Naval  Postgraduate 
School . 

The  first  study  describes  the  spectral  domain  analysis  of 
finline  and  was  published  by  Knorr  and  Shayda  in  1980  [Ref. 3]. 
A  thesis  by  Kim  presents  the  equations  and  computer  program 
listing  for  the  generation  of  the  numerical  data  [Ref. 4]. 
Spectra.!  domain  analysis  of  scattering  from  an  inductive  strip  in 
finline  was  described  by  Knorr  and  Deal  in  1985  [Ref. 5].  A 
compute)  program  described  in  Deals  thesis  was  used  to  generate 
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numerical  scattering  coefficients  for  the  strip  discontinuity 
[Ref . 6  ] . 

The  equivalent  circuit  models  for  a  lossless  inductive  strip 
in  homogeneous  finline,  on  which  this  thesis  is  based,  were 
described  by  Knorr  in  his  1988  and  1990  technical  reports  [Ref.7- 
2]  . 


C.  POBPOSB 

The  losses  associated  with  the  inductive  strip  in  homogeneous 
f inline  are  the  TEk,  mode  ohmic  losses  due  to  the  finite  surface 
resistivity  of  the  metal  walls  in  the  below-cutoff  sections  and 
the  higher  order  mode  ohmic  losses  associated  with  the  currents 
generated  by  the  strip  edge  discontinuity.  The  purpose  of  this 
thesis  is  to  develop  analytical  expressions  for  the  inductive 
strip  losses  in  homogeneous  finline;  to  include  the  effect  of  the 
loss  in  the  equivalent  circuit  model  and  to  establish  the  validity 
of  the  model  by  demonstrating  better  agreement  between  the 
experimental  and  predicted  scattering  response  of  a  lossy  X-band 
finline  filter. 

Chapter  II  of  this  thesis  describes  the  derivation  of  the 
power  los.s  expression  in  a  semi-infinite  waveguide  below  cutoff. 
Chapter  III  describes  the  derivation  of  the  Quality  Factor  for  the 
below  cutoff  waveguide  section.  Chapter  IV  describes  the 
derivation  of  the  leading  edge  loss  and  related  Quality  Factor 
expression..  Chapter  V  describes  the  introduction  of  the  loss  to 
the  equivalent  circuit  model  of  the  inductive  strip,  and  finally, 
Chapter  vi  presents  conclusions  and  recommendations  for  future 
studies 
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II.  LOSS  IN  A  SKMI-INTINITS  NAVIGUIDB  BBLOft  CUTOrr 


The  loss  concept  for  the  inductive  strip  in  homogeneous 
f inline  can  be  analyzed  in  two  parts;  wall  losses,  and  the  edge 
losses . 

Associated  wall  losses  occur  in  the  regions  that  are  modeled 
by  the  two  below-cutof f  waveguide  sections  in  Figure  3 .  In  this 
chapter,  the  power  loss  term  in  a  semi  infinite  below-cutoff 
waveguide  will  be  developed  for  further  circuit  modeling. 

A.  A  DISCUSSION  ON  THE  ABOVE  AND  BELOW  CUTOIT  WAVEGUIDE  HODES 

Figure  4  shows  a  rectangular  waveguide  which  is  a  hollow 
metallic  pipe,  with  a  rectangular  cross  section  of  inner 
dimensions  a  and  b.  As  a  single  conductor  system,  a  rectangular 
waveguide  cannot  support  TEM  waves  which  need  two  or  more 
conductors.  It  is  capable  of  supporting  TE  and  TM  modes. 

The  cutoff  frequency  for  a  rectangular  waveguide  can  be 
defined  as  the  minimum  operating  frequency  at  which  propagation 
of  energy  is  possible  without  severe  attenuation.  In  the  above¬ 
cutoff  region  the  propagation  constant ,  y=a+/P,  of  a  lossless 

guide  is  imaginary.  Practically,  attenuation  of  the  fields  occurs 
from  the  dissipative  loss  due  to  the  finite  resistivity  of  the 
imperfect  metallic  walls  and  finite  conductivity  of  the  imperfect 
dielectric  insulator.  These  losses  cause  the  propagation  constant 
to  become  complex  with  real  part  a>0 .  In  the  below-cutoff  region 
where  fieguencies  from  zero  frequency  to  the  cutoff  frequency  are 


Figure  4.  Rectangular  waveguide  structure. 

included,  the  propagation  constant, y  ,  of  a  lossless  guide  is 

real.  Below-cutoff  modes  are  called  evanescent  waveguide  modes 
and  can  be  represented  by  ncn-propagating,  localized 
electromagnetic  fields  with  amplitudes  that  decay  rapidly  due  to 
the  real  propagation  constant  as  a  function  of  distance. 
Practically,  at  a  moderate  distance  from  the  interface  the  only 
existing  mode  is  the  TEio  evanescent  mode.  All  other  evanescent 
modes  are  attenuated  severely  in  shorter  distances  due  to  their 
larger  propagation  constants  relative  to  TEio  evanescent  mode. 
Since  the  below-cutoff  guide  walls  are  not  perfect  conductors  the 
confined  fields  (evanescent  modes)  will  suffer  ohmic  losses. 
Further  discussion  of  evanescent  modes  is  given  in  Chapter  III, 
Part  A. 
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B.  BITLIiCTION  OOBITICIBHT  AT  A  BOUNDARY  BBTNBBN  THE  ABOVE  AND 
BELOW  CUTOrr  SECTIONS 

Figure  5  shows  a  lossless  semi-infinite  rectangular  waveguide 
consisting  of  two  regions  that  are  filled  with  dielectric  and  air. 
This  dielectric  discontinuity  is  used  to  excite  evanescent  TEio 
mode  in  the  air  region.  The  further  analysis  shows  that  the  Q 
factor  derived  for  below-cutoff  air  region  is  independent  of  the 
dielectric  constant  of  the  dielectric  region. 

For  TEio  mode  propagation,  the  cutoff  frequencies  for  the 
dielectric  region  (Region  1)  and  the  air  region  (Region  2)  are 
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cutoff  whereas  the  air  filled  section  is  below  cutoff  for  the  TEm 
waveguide  mode . 

The  characteristic  impedance  for  the  dielectric  region  is 
real  and  is  given  by, 


h. 

f  2 

l-(^) 


(3) 


The  characteristic  iirpedance  of  the  air  region  is  imaginary  and 
is  Zo2“jXo2  where. 


(4) 


By  utilizing  the  characteristic  in^edance  of  each  region,  the 
reflection  coefficient  at  the  boundary  can  be  derived  as, 


X 

=1  Z(2arctan(— )) 
Ki 


(5) 


where, 


f  2 

f  2 

Cf)  -1 


(6) 


8 


In  reality,  due  to  the  finite  conductivity  of  the  walls  in 
the  air  filled  section,  the  evanescent  TEu,  mode  suffers 
dissipative  loss.  Under  these  circumstances  the  characteristic 
impedance  looking  into  the  below  cutoff  guide  is  not  purely 
imaginary  but  has  a  real  part  that  accounts  for  the  ohmic  losses, 
and  is  defined  as  Zo2=Ro2+ jXo2  •  Using  this  definition  of  the 
characteristic  impedance,  the  reflection  coefficient  at  the 
boundary  between  the  above  and  below  cutoff  sections  assumes  a 
value  which  is  slightly  less  than  unity.  The  reflection 
coefficient  with  loss  is  given  by, 

where, 

I  r'  |2  <  I  r 

and  the  transmission  coefficient  at  the  interface  z=0  is 

I  T  |2=(1-|  r'  |2)>0  . 

The  results  obtained  above  show  that  at  the  boundary  some  of 
the  energy  is  transferred  to  the  air  region  and  the  TEio  evanescent 
mode  is  set  up  by  the  TEjo  propagating  mode  in  the  dielectric- 
filled  region. 

C.  FIELD  EXPRESSIONS 

1.  Field  for  the  ebove-cutoff  region 

In  the  structure  shown  in  Figure  5,  the  TE^g  dominant  mode 
is  excited  at  operating  frequency  f  where  f^i<f<fj2*  region  1 
the  propagation  constant  is  imaginary  if  the  attenuation  of  fields 
due  to  the  ohmic  losses  are  ignored.  It  is  expressed  as. 
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(10) 


Yr/Pi 


where  the  phase  constant  is, 


i-hf- 


(11) 


The  electromagnetic  wave  pattern  in  the  dielectric  region 
is  the  superposition  of  the  forward  and  the  reflected  waves  that 
are  propagating  in  the  2  and  -2  directions,  respectively.  Hence, 
the  electric  field  for  region  1  may  be  expressed  as. 


'  a  a 


(12) 


The  corresponding  magnetic  fields  can  be  obtained  by  using 
the  general  relationship. 


(13) 


Taking  the  curl  of  the  electric  field  vector  yields. 


_  i  a£,  a£  _  a£v  as  _  a£  a£_ 


wji  ay  dz 


dz  dx  ^  dx  dy 


(14) 


Since  the  TE^o  mode  has  only  a  transverse  electric  field 
component  in  the  y  direction,  the  partial  derivatives  of  the  other 
electric  field  components  can  be  dropped  from  Eq.l4.  This  gives. 


w\x  dz  ox  ^ 


BE,.-  BE.,- 


(15) 
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Thus, 


H  = — I _ ^ 

"xl 

w\i  dz 


(16) 


H  =JL^  (17) 

w|ji  ac 

and  substitution  of  Eq.l2  into  Eq.l6  and  Eq,17  and  taking  the 
partial  derivatives  in  the  given  directions  yields  the  final 
expressions  for  the  longitudinal  and  transverse  magnetic  field 
components  as, 

(18) 

wu  a  a 


W  r:J_[A:  (£  cosH«--'P'*+r£',.cos—e *•''*'*)]  .  (W) 

"  wji  fl  a 

2.  Field  ea^resslons  for  the  below-outoff  region 

As  stated  in  previous  sections,  the  transmitted  portion 
of  the  TEi„  waveguide  mode  from  the  above  cutoff  region  establishes 
the  TEii,  evanescent  mode  in  the  below-cutoff  region.  In  the 
lossless  case,  it  is  attenuated  with  a  real  propagation  constant 
that  can  be  expressed  as, 

,  .2”  /.!  J.|  (20) 

’’  M  /' 

ftctually,  this  expression  should  have  an  additional  term 
to  acccniit  for  the  ohmic  losses  on  the  metal  waveguide  walls. 
Since  this  term  is  small  relative  to  the  cutoff  decay  a 
perturb?'!  ion  approach  will  be  used. 
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The  electric  field  expression  for  the  lossless  below- 
cutoff  section  is  given  by,  Eq.21  where  subscript  t  denotes  the 
transmitted  field. 

(21) 

Continuity  of  the  tangential  electric  field  across  the 
boundary  at  z=0  requires  that  Eyi=Ey2  or, 

+r£ysin— =£,jSin—  .  (22) 

a  a  a 

Thus, 

£^=£,,(1+D  .  (23) 

Using  this  equation  in  Eq.21  yields  the  expression  for  the 

electric  field  in  the  below  cutoff  region  as, 

£y2=£u(l+r)sinHe-V  (24) 

The  magnetic  field  expressions  are  obtained  by  applying 
the  same  method  that  was  used  in  region  1.  This  yields, 

«  (25) 

^  w\ii  dx 

(26) 

^  w\i  dx 

Substituting  Eq.24  into  Eq.25  and  Eq.26,  the  expressions 
for  the  transverse  and  longitudinal  magnetic  fields  are  obtained 
as 


12 


(27) 


H^=-LkE.n  +DCOS— e'"** 
wa  a 


+r)8in— e'"'*' 

wii  a 


(28) 


D.  TOTJkL  PONIR  LOSS  IN  TBS  BSLON-COTOIT  BBOION 

1.  A  dlsouaslon  on  tho  skin  of  foot,  •turfaoo  ourronts,  aurfaeo 
roalstanco,  and  powar  losa 

Good  conductors  such  as  metals  can  be  characterized  by 
their  very  low  intrinsic  impedance  and  high  attenuation,  hence  an 
electromagnetic  wave  is  attenuated  very  rapidly  in  a  metal  medium 
as  it  attempts  to  propagate.  The  penetration  depth  in  which  the 
electromagnetic  wave  decays  to  1/e  (37  %)  of  its  initial  surface 
value  is  defined  as  skin  depth,  8^  .  In  this  manner,  the  currents 

induced  by  the  propagating  fields  associated  with  the  waveguide 
mode,  flow  in  the  inner  surface  layer  of  the  metallic  waveguide 
walls  due  to  the  skin  effect  and  are  treated  as  surface  currents. 

Surface  currents  on  the  waveguide  walls  are  induced  by  the 
tangential  magnetic  field  components  of  the  electromagnetic  wave 
and  are  given  by, 

(29) 

where  n  is  the  unit  vector  normal  to  the  metallic  wall  and  pointed 
toward  the  inside  of  the  waveguide. 
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In  practice,  the  assumption  of  perfectly  conducting  metal 
walls  is  not  true.  Finite  conductivity  of  the  metal  walls  causes 
ohmic  losses  which  results  in  the  attenuation  of  the 
electromagnetic  wave.  Assximin^  that  the  wall  currents  are 
uniformly  distributed  over  a  thickness  of  one  skin  depth,  the 
resistance  applied  to  the  current  flow  across  the  cross-sectional 
area  of  one  -unit-square  of  the  inner  layer  of  the  waveguide  walls 
can  be  defined  as  surface  resistance  and  is  given  by, 

where  o  andO^  represents  the  conductivity  and  the  skin  depth  of 

the  material  respectively. 

Power  loss  for  a 
waveguide  wall  is  obtained  by 
evaluating  the  integral  below, 

(31) 

in  this  expression  the  product 
of  the  magnitude  square  of  the 
current  density  with  surface 
resistance  represents  the  power 
dissipated  per  unit  area  at  a 
■point  on  the  waveguide  wall . 

The  surfar-e  integral  of  this  product  over  the  total  wall  area 
gives  th<e  total  power  loss  in  the  wall.  The  concepts  that  were 
discuss*"'  in  this  section  are  demonstrated  in  Fig. 6. 


Figure  6.  Cross-sectional  waveguide  layout 
shows  the  current  flows. 
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2.  Surface  currants  Inducad  In  tha  balow-outoff  ragion 

Surface  currents,  that  are  induced  in  the  below  cut-off 
region  by  the  tangential  magnetic  field  components  of  the  TEjo 
evanescent  mode,  are  obtained  for  each  wall  by  utilizing  Eq.29. 
Fig. 7  illustrates  the  unit  vectors  normal  to  the  waveguide  walls 
in  the  cross-sectional  plane, 
a.  Top  WMll 

The  transverse 
and  the  longitudinal 
magnetic  field  components 
are  both  tangential  to  the 
top  wall,  hence  the 
corresponding  surface 
currents  flow  in  both 
transverse  and  longitudinal 
directions  on  the  top  wall 

where  y=b  and  n=-a^. 

Rewriting  Eq.29, 

(32> 

and  substituting  Eq.27  and  Eq,28  into  Eq.32  yields  the  expression 
for  the  induced  surface  current  density  on  the  top  wall. 


Figure  7  Unit  vectors  for  the  waveguide  walls 
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b.  Bottom  frail 


Like  the  top  wall,  the  transverse  and  the  longitudinal 
magnetic  fields  are  tangential  to  the  bottom  wall  where  the  normal 
unit  vector  points  in  the  opposite  direction.  This  indicates  the 
same  magnitude  but  the  reverse  direction  surface  current  flows  on 
the  bottom  wall  with  respect  to  the  top  wall.  Substituting  the 

values  of  y=b  and  n^cT  into  Eq.29, 

Comparing  Eq.34  with  Eq.32  yields, 


(34) 


(35) 


c.  Loft  Wall 

Since  the  discontinuity  of  the  perpendicular  magnetic 
fields  on  the  conductors  requires  the  magnitude  of  the  transverse 

magnetic  field  to  be  zero  on  the  left  wall  (x=0,n=flj),  the  surface 

current  on  this  wall  is  induced  only  by  the  longitudinal  magnetic 
field  and  flows  in  the  transverse  direction.  The  surface  current 
density  for  the  left  wall  is  obtained  by  using  Eq.29, 

(36) 

and  utilizing  the  magnetic  field  expression  in  Eq.36 

1  Wll  ^ 
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d.  Right  fT*ll 

The  surface  currents  on  the  right  and  left  walls  are 
equal  in  magnitude  and  flow  in  the  same  direction.  Using  (x*a, 

n=-Tj  Eq.29, 

7J=-J^xHJa,yx)a^  • 

Comparison  of  Eq.38  and  Eq.36  gives 

r=r .  (39) 

**  h 

3.  Powttr  loss  in  th«  b«loir-outo£f  rnglon 

As  discussed  before,  power  is  dissipated  in  the  below 
cut-off  section  because  of  the  ohmic  losses.  In  order  to 
determine  the  power  dissipated  on  the  waveguide  walls  due  to  the 
finite  resistivity  of  the  walls,  it  is  assumed  that  the  derived 
field  expressions  accurately  describe  the  electromagnetic  wave  in 
the  below-cutoff  region.  The  power  loss  on  each  wall  is  obtained 
by  using  the  associated  current  density  expression  in  Eq.31. 
a.  Top  6  Bottom  Wall* 

The  magnitude  square  of  the  surface  current  density 
for  top  &  bottom  the  walls  is  given  by 

wn  '  o  >v|i  o 

This  expression  is  identical  for  both  of  the  walls,  and  indicates 
that  the  same  amount  of  power  is  dissipated  on  each  wall. 
Substituting  Eq.40  into  Eq.31  yields 


Carr^y^ing  out  the  integral  over  bottom/ top  wall  area 
that  extends  to  2=o»  due  to  the  semi-infinite  structure  and 


doubling  the  result  gives  the  expression  for  the  total  power  loss 
on  the  top  and  the  bottom  walls 


'**  ^  (i>^  2  2y2  (i>^  2  2y2 


(42) 


Equation  42  can  be  rewritten  as, 


4Y2a  wji  w|i 


(43) 


Jb.  Lmft  C  night  Hmlla 

Power  is  similarly  dissipated  on  the  left  and  right 
walls .  The  expression  for  the  total  power  loss  on  these  walls  is 
obtained  by  using  the  same  procedure  as  above  with  the  required 
current  density  expression  and  integral  limits  as  follows: 


)^V|ur| 


(44) 


Wli^rp^(^) .  (46) 

'  wji  a  Ayfi 

c.  Totml  Powmr  Loss 

The  summation  of  the  results  obtained  in  subsections 
a  and  b  gives  the  total  power  loss,  and  it  can  be  expressed  as, 
P2(«.u.)  =  P  (toptbotton.)  +  P(i.ft*right)  which  is  the  total  amount  of  the 
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power  dissipated  on  each  wall  in  the  below-cutoff  region, 
substitution  of  the  associated  loss  expressions  gives, 


^  4y^  wn  wfi  4y^  a  w|i 


This  equation  can  be  rewritten  as. 


l?^,,^|l+rP  YjO  M  2b 

)(1  ^— )] 

^  4y^  W(i  wji  a 


The 


(47) 


(48) 


and  finally  the  expression  for  the  total  power  dissipated  due  to 
ohmic  losses  in  the  below  cutoff  section  is  obtained  as. 


III.  DERIVATION  or  THE  QUALITY  FACTOR  FOR  THE  CUTOFF  SECTION 


In  this  chapter  energy  considerations,  Q  factor,  and  the 
characteristic  impedance  for  a  below-cutoff  section  will  be 
discussed .  The  power  loss  for  a  finite  length  of  below-cutoff 
waveguide  will  be  utilized  in  terms  of  finite  Q  and  the  resistive 
part  of  the  characteristic  in^edance. 


A.  ENERGY  CONSIDERATIONS  IN  THE  BELOW  CUTOFF  REGION 

In  the  previous  chapter  the  field  expressions  and  the  power 
loss  due  to  the  ohmic  effect  were  derived  for  the  non-propagating, 
below  cutoff  section. 

In  order  to  set  up  evanescent  modes,  the  waveguide  structure 
shown  in  Figure  8  was  employed.  This  method  avoids  a  change  in 
the  waveguide  cross-section  at  the  junction  between  the  dielectric 
loaded  propagating  region  and  the  air  filled  cutoff  region. 

Inspection  of  the  structure  for  TEio  dominant  mode  propagation 
shows  that  in  the  first  region  the  waveguide  width  is  greater  than 
the  dielectric  half  wavelength. 


Hence,  the  structure  supports  electromagnetic  wave 
propagation  and  power  flow.  In  the  second  region  the  waveguide 
'width  is  less  than  the  free-space  half  wavelength. 
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thus  the  waveguide  structure  doesn't  support  electromagnetic  wave 
propagation . 


Figure  8.  Dielectric-air  interface. 


Undei  the  assumption  of  an  excited  dominant  mode  in  the 
structure  given  in  Figure  8,  che  TEm  electromagnetic  wave 
propagate.?  down  to  the  junction  where  the  further  propagation  of 
the  wave  i.s  not  supported  by  the  air  section. 

In  1  be  lossy  structuie  ,  at  the  dielectric-air  interface,  the 
dominant  mode  is  reflected  with  a  reflection  coefficient  less  than 
unity.  Tbe  transmitted  part  of  the  dominant  TEj^  mode  creates  the 
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evanescent  TEjo  mode  in  the  air  section.  Thus,  in  the  vicinity  of 
the  interface,  the  field  can  be  represented  by  non-propagating  ( 
the  propagation  is  not  supported  in  this  region)  TEjo  mode,  with 
amplitude  which  decays  as  a  function  of  distance  from  the 
dielectric-air  interface  and  an  attenuation  constant  given  in 
Eq.20.  Since  the  evanescent  TE^  mode  is  attenuated  as  a  function 
of  distance  from  the  interface,  it  is  confined  to  a  region  near 
the  air-dielectric  interface.  Referring  to  the  below-cutoff  field 
equations  given  in  Eq. 24-26,  it  can  be  observed  that  for  a 
lossless  guide  the  electric  and  magnetic  fields  are  90  degrees  out 
of  phase  which  means  that  no  real  power  flow  occurs  in  the  below- 
cutoff  region.  Thus,  no  power  is  transmitted.  The  energy  flux 
or  the  power  calculated  by  the  Poynting  vector  is  purely 
imaginary . 

The  presence  of  the  confined  evanescent  modes  that  are  near 
the  interface  can  be  analyzed  in  terms  of  the  stored  energy  since 
the  localized  fields  represent  stored  magnetic  and  electric 
energy .  Further  investigation  shows  that  the  energy  is 
predominantly  stored  in  magnetic  field,  hence  the  existence  of 
evanescent  TE„o  modes  can  be  represented  by  stored  magnetic  energy. 


B.  derivation  of  stored  mrqmbtic  and  electric  energy  in  the 

BELON-CnrOFF  REGION 

1 .  Stored  Electric  Energy 

In  general,  the  peak  stored  energy  may  be  obtained  by 


integra< iug 


over  the  volume  desired, 


that  is, 
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(50) 


U=ifS.Edv^ic{\Efdv. 

V  V 

The  peak  storeci  electric  energy  in  a  cutoff  section  of  length  1 
is  obtained  by  employing  the  evanescent  TEio  mode  electric  fiela 
expression  (Eq.24),  in  the  equation  given  aho-ve,  this  yields, 

(51) 

V 

Substituting  integral  limits  gives, 

(  bo 

U^=Ufff 1 1  +r  I W— e  dxdydz.  <52) 

The  evaluation  of  the  integral  over  the  cutoff  section  volume 
renders  the  expression  for  the  peak  stored  electric  energy  as, 

•  *53) 

Tb ‘.s  expression  can  finally  be  written  as, 

.  (54) 

8Y2 

2 ..  Stored  Magnetic  Energy 

Stored  magnetic  energy  in  a  volume  is  given  by  the 
integral, 

(55) 

V  V 

and  sub.".*  itution  of  the  transverse  and  the  longitudinal  below 
cutoff  toaunetic  field  expressions  yields. 


23 


(56) 


1^x2 /  V'  1^*2  P*' 

V  ^  V 

and, 

2Uo  “»* 

+1  r  f  r ^(-!L)2£2  j  J  ^r  psin— e’*^**dj(rfydz  .  <57) 

2Uo  ® 

The  evaluation  of  the  integral  over  the  cutoff  volume  results  in 
the  stored  peak  magnetic  energy  expression  as 

.i„i,=4l,.r|=|»3L(,..-=-^).  (58) 

This  can  be  rewritten  as 

.  (59) 

*72  u)^H 

Substituting  the  expression,  itj*=Y^+w*|ie  yields. 


(/„=-^4 1 1  +rp-L(Y^Y^«  Ve)(l  -e'"’'*') 

*72  «  |2 


(60) 


which  can  be  rewritten  as 


Ob  rr^  It  .T^|2_/  ^72 


*7:  Q^jie 


(61) 
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Inspection  of  the  stored  electric  and  magnetic  energy 
expressions  shows  that  the  maximum  stored  energy  in  the  below 
cutoff  region  always  occurs  predominantly  in  the  magnetic  field, 
since  /co^pe  )>1.  •  The  amount  of  the  energy  stored  in  both  fields 
is  frequency  dependent .  As  the  operating  frequency  decreases 
below  the  cutoff  frequency,  the  stored  energy  increases  in 
magnetic  field  and  decreases  in  electric  field.  The  energy  in  the 
fields  is  equal  at  the  cutoff  frequency.  This  result  is  easily 
observed  from  the  ratio  of  the  stored  magnetic  and  electric 
energies, 


_ toVe _ 

0Y2 


(62) 


2y, 


■  +  1  . 


(63) 


Substituting  the  definition  of  the  propagation  factor  (Eq.20) 
yields 


.  (64) 

U,  V 

In  the  expression  above,  the  decrease  in  the  operating  frequency, 
f,  causes  an  increase  in  the  energy  ratio  which  illustrates  that 
the  amount  of  energy  stored  shifts  from  electric  to  magnetic. 
This  ic  T  useful  result  that  will  be  utilized  in  the  further 
modelling  concept  of  the  below  cutoff  section. 
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C.  DBRTVATKKI  OF  TBS  QUALITY  FACTOR  FOR  TBB  BBLOW-CUTOFF 


WAVEGUIDE  SECTION 

Unless  the  waveguide  is  lossless,  stored  energy  is  dissipated 
due  to  the  finite  conductivity  of  the  guide  walls  which  introduces 
ohmic  losses.  The  Quality  Factor  for  a  guide  excited  in  the  TEio 
evanescent  mode  can  be  defined  on  the  basis  of  stored  energy  / 
dissipated  energy.  The  Q  factor  is  finite  rather  than  infinite  as 
it  would  be  in  the  lossless  case. 

The  definition  of  the  Q  factor  may  be  given  by, 

Q_2-^  Maximum  Stored  Energy  (55) 

Energy  Dissipated 

where  the  energy  dissipated  is  equivalent  to  the  power  dissipated 
per  unit  bandwidth  which  yields. 

Maximum  Stored  Energy 
Power  Dissipated 

As  stated  in  the  previous  section,  the  maximum  stored  energy 
occurs  in  the  magnetic  field,  so  the  Q  factor  for  the  below  cutoff 
waveguide  is 

Q_^Peak  Stored  Magnetic  Energy  (57) 

Power  Loss 


or, 

<?=w-^  .  (68) 

In  chapter  II,  section  B,  the  expression  for  power  loss  was 
derived  for  a  semi-infinite,  below-cutoff  guide.  In  order  to 
obtain  the  power  loss  for  a  cutoff  guide  of  length  ' 1' ,  the  same 
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definition  of  power  loss  (Eq,30)  can  be  used.  Integrating  over 
a  finite  length,  1,  yields, 


<i>|i  (ii>^  a 

Substituting  Eq.69,  Eq.61  into  Eq.67  gives 


'Q=W' 


OY2 


^e],  1 1 4rl2[(^)2+(-5^)2(l  +^)](l 

(i>|i  up,  a 


which  can  be  rewritten  as. 


Q=qp- 


-^[aiyl^k^lbkll 

4Y2 


(69) 


(70) 


(71) 


The  definition  of  the  Q  facte  for  the  below-cutoff  waveguide  is 
obtained  as, 


R  2  Y 

'  alUi^fhlb 


(72) 


which  i.s  equivalent  to  the  definition  given  on  page  307  of  Ref.  8. 
Substituting  the  expression. 


uVel4)'-H 
(l£)i - f - 


j  c 


(73) 
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into  Eq.72  yields. 


«  ,  (74) 

2  fc 

As  observed  from  the  result  given  in  Eq.74,  the  Q  expression 
is  a  general  definition.  It  is  independent  of  the  dielectric 
constant  of  the  region  1  (Fig.  5)  and  can  be  used  for  any 
evanescent  waveguide.  It  is  also  independent  of  the  guide  length. 
This  can  be  explained  in  terms  of  the  volume  to  surface  area  ratio 
where  the  energy  is  stored  and  dissipated  respectively.  For  a 
below-cutoff  guide,  the  ratio  of  volume  to  surface  area  is  given 
by, 

Volume  _  abl  _  db  ^75^ 

Surface  Area  l{a*b)l  2{a*b) 

a  change  in  the  waveguide  length  effects  the  volume  and  the 
surface  area  in  the  same  proportion.  Thus,  the  variation  of  the 
Q  factor  with  the  volume-to-surf ace  area  is  independent  of  the 
guide  length,  but  dependent  on  the  cross-section.  Therefore,  it 
can  be  concluded  that  the  Q  factor  is  constant  for  any  length  of 
the  below-cutoff  waveguide  at  a  particular  frequency.  This  gives 
insight  for  the  modeling  concept. 

D.  THE  PESXSTIVE  PART  OF  THE  CHARACTERISTIC  IMPEDANCE 

The  characteristic  impedance  of  a  lossless  below-cutoff 
wavegui'^  is  a  pure  inductive  reactance  (Eq.4).  Above-cutoff, 
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waveguide  can  be  visualized  as  a  two  wire  structure  shunted  by  an 
array  of  quarterwave  shorted  stubs  (/=A,/4)  [Ref.  9].  Since  the 

admittance  of  the  stubs  is  zero  energy  propagates  down  the  guide 
without  loss  (Fig. 9).  The  same  configuration  can  be  used  for  a 
below-cut off  guide 
except  that  the 
length  of  the  stubs 
is  less  than  a 
quarter  wavelength 
(/<X,/4)  •  Thus ,  the 

stub  input  impedance 
is  inductive. 

In  the  case 
where  the  conductive 
losses  are  also 
included,  the 
characteristic 
impedance  is  complex 
and  consists  of 
inductance  with  a  series  resistance  that  accounts  for  the 
dissipative  losses  on  the  cfuide  walls.  Thus  the  semi-infinite, 
below-cutoff  part  of  the  structure  given  in  figure  5  can  be 
replaced  with  an  equivalent  load  impedance  Zo2=Ro:+ jXo; . 

The  expression  for  R,.  can  be  found  from  the  definition  of  Q, 


Figure  9.  Rectangtilar  waveguide  represented  as  parallel 
plate  transmission  line  and  quarter-wave  shorted  stubs. 


substituting  Eq.4  and  Eq.72  into  Eq.77  yields, 


ZV.  IMDUCTIVX  STRIP  UUIDIMQ  SDGB  LOSS 


As  a  lossy  finline  discontinuity,  the  inductive  strip  causes 
dissipation  of  power.  In  the  previous  chapters  associated  wall 
losses  wei  e  evaluated  and  related  expressions  were  developed.  In 
this  chapter  the  edge  losses  of  the  strip  will  be  analyzed. 

A.  STRIP  KDGB  DZSOONTniniTT  XITBCT 

A  configuration  of  the  inductive  strip  in  homogeneous  finline 
is  given  in  the  Figure  2.  It  is  an  obstacle  in  the  finline 
structure  that  interrupts  the  electromagnetic  wave  propagation  and 
creates  a  finline  discontinuity.  The  discontinuity  effect  of  the 
strip  may  be  well  analyzed  in  the 
structure  given  in  Figure  10  where 
the  stri^'  with  thickness  t  and 
length  T  is  shown  centered  in  a 
homogeneous  finline  structure  that 
has  zero  fin  heights. 

Hence  the  strip  is  centered  in 
the  finline  and  the  configuration  is 
symmetric  over  the  center  line  that 
connects  the  broad  sides. 

Typically,  thickness  is  only  a  very 
small  fraction  of  the  guide  width.  Under  these  circumstances, 
only  th^  propagation  of  the  odd  numbered  TE„o  modes  are  interrupted 
by  the  leading  edge,  whereas,  the  even  numbered  modes  propagate 


Figure  10.:  Strip  leading  edge 

discontinuity  in  a  zero  fin  height 
tinline  structure. 
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without  being  interrupted,  because  for  these  modes  Ey=0  on  the 
centerline  where  the  strip  is  located. 

Inspection  of  Figure  10  shows  that  the  leading  edge  with 
thickness  t  spans  a  rectangular  area  in  the  transverse  plane  on 
the  centerline;  breaks  the  continuity  of  the  broad  edge  of  the 
waveguide  hence  becomes  an  H  plane  discontinuity.  The  necessity 
of  satisfying  boundary  conditions  at  a  discontinuity  requires  the 
presence  of  the  higher  order  modes  which  account  for  the 
discontinuity  effect. 

As  a  discontinuity,  the  leading  edge  of  the  strip  generates 
higher-order  TE  modes  around  the  edge.  Since  the  physical 
dimensions  of  the  sections  located  on  either  side  of  the  strip  are 
not  sufficient  to  support  any  waveguide  propagation,  the  higher- 
order  TE  modes  are  attenuated  in  a  short  distance  from  the 
discontinuity.  The  localized  TE  modes  represent  stored  magnetic 
energy,  hence  inductive  effect. 

The  peak  energy  in  the  plane  of  discontinuity  is  directly 
proportional  to  the  incident  electric  field  at  the  edge  and  will 
be  distributed  over  the  dominant  and  higher  order  modes.  Thus  the 
total  current  flow  on  the  edge  can  be  find  by  using  the  model 
shown  in  Figure  11  and  is  equivalent  to  the  summation  of  the 
higher  ^'rder  and  dominant  mode  currents. 

Therefore,  the  effect  of  the  edge  discontinuity  can  also  be 
discussed  from  the  circuit  point  of  view  by  considering  a  total 
current  tliat  is  conducted  through  the  edge.  Thus  a  magnetic  flux 
will  be  pioduced  that  links  the  conduction  current,  creating  an 
induct effect. 
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As  a  result,  the  discontinuity  effect  of  the  strip  leading 
edge  can  be  represented  by  a  shunt  inductance  assuming  that  the 
strip  is  lossless. 

The  amount  of  the  total  current  linking  through  the  edge  is 
dependent  on  the  finite  conductivity  of  the  strip,  since  it 
experiences  a  certain  amount  of  resistance  on  the  edge  which 
causes  dissipation  of  power.  Thus,  for  the  lossy  case  the  edge 
discontinuity  also  shows  a  resistive  effect  in  addition  to  the 
inductive  effect,  hence  it  can  be  modeled  with  finite  Q  inductor 
or  a  network  consisting  of  resistive  and  inductive  lumped 
elements . 

B.  AC  ANALYSIS  OF  THE  STRIP 

The  AC  analysis  of  the  inductive  strip  can  be  done  from  the 
circuit  point  of  view.  Considering  the  structure  given  in  Figure 
10  has  been  initially  excited  by  an  incident  TE^p  mode,  it  can  be 
assumed  that  the  distribution  of  the  fields  approximately  uniform 
over  the  front  end  surface  of  the  strip  because  of  the  very  small 
thickness  of  the  strip  with  respect  to  the  width  of  the  waveguide. 
The  electric  field  in  the  reference  plane  of  the  discontinuity  can 
be  given  by. 


£,=£,(1+Dsin— 

a 


(79) 


Thus,  th*--'  value  of  the  uniform  electric  field  over  the  edge 
surface  -  obtained  by  evaluating  the  expression  given  in  Eq.79 
at  x=a/2  and  z=0  where  the  edge  is  located.  It  is. 
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£.=£/! +n . 


From  the  circuit  point  of  view  this  uniform,  time  dependent 
field  can  be  replaced  with  an  equivalent  AC  voltage  source  of  the 
value, 

K.=&£,(l+r)  .  (81) 

Since  the  edge  discontinuity  has  resistive  and  inductive  effects 
it  can  be  visualized  with  an  equivalent  LR  circuit  given  in 
Fig. 11 . 


Figure  11  The  AC  circuit  equivalent  of  the  inductive  strip  leading  edge. 

The  current  flow  in  the  circuit  is  equivalent  to  the  total  current 
which  is  the  .summation  of  the  dominant  and  higher-order  mode 
currents .  The  current  density  is  function  of  z  and  is  given  by, 

=o£^«-T^*=a£,(l  +r)e 


Thus,  the  total  current  is  found  by  integrating  the  current 
density  function  over  the  cross-sectional  area  of  the  strip.  It 
is, 


Tt 


/r= f +1^(1 


(83) 


00 


where  the  propagation  factor  in  a  good  conductor  is  given  by. 


(84) 


And  since  T>8^,  the  exponential  term  in  Eq.84  can  be  assumed  to  be 
e‘''^=0r'  hence  the  total  current  is. 


Z-45  =  -L±£^(1*D  Z-45  .  (85) 

\/2^, 

The  AC  impedance  of  the  strip  can  be  obtained  as. 

As  long  as  the  power  loss  is  our  concern  the  real  part  of  this 
expression  is  important.  Since  the  inductive  effect  of  the  higher 
order  localized  fields  dominate,  the  imaginary  part  is 
insignificant.  The  AC  resistance  of  the  strip  can  be  given  by, 

and  is  equivalent  to  the  DC  resistance  of  a  rectangular  bar  of 
length  b  and  transverse  dimensions  of  8^  and  t.  The  value  of  the 


35 


resistance  shown  in  Figure  11  is  equivalent  to  the  AC  resistance 
of  the  strip  given  in  Eq.87.  Referring  to  the  same  figure,  an 
equivalent  expression  for  the  inductance  that  accounts  for  the 
inductive  effect  of  the  strip  leading  edge  can  be  found  in  the 
Thesis  by  Morua  [Ref .10] .  It  is, 


(88) 


and  the  coefficients  are. 


.4, =13.75-10.32(1-^)'®, 
b 

5, =9.46-6.36(1-^)*’*, 
b 

C, =1.54-1.10(1 
90or 


N,  =500-241(1-^)'" 
L,=B,-C,ln(rp, 

Ljl+e  ^ 


where  w  is  the  distance  between  the  fins. 


C.  THE  POHKR  LOSS  AMD  STORED  MAGNETIC  ENERGY 

The  AC  voltage  source  given  in  Figure  11  supplies  energy  to 

the  circuit  where  some  part  of  it  is  dissipated  as  heat  energy  on 

the  resistance  and  the  rest  is  stored  in  the  inductance.; 

Referring  to  the  circuit  the  following  equations  can  be  written, 

K=//?+L^  (89) 

dt 

and, 

Vl^fiR^LI—  .  (90) 

dt 
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The  term  on  the  left  side  of  the  Eq.90  represents  the  rate  at 

which  the  energy  is  supplied  by  the  source;  the  first  term  on  the 

right,  I'R,  is  the  rate  at  which  the  energy  is  dissipated  by  the 

dl 

resistor  and  the  second  term  on  the  right,  LI—  ,  is  the  rate  at 

dt 

which  the  energy  is  stored  into  the  inductance .  The  term  I^R  can 
also  be  called  the  instantaneous  power  dissipated  in  the  resistor. 
This  power  varies  from  zero  to  its  maximum  value  The 

average  power  dissipated  in  the  resistor  is  given  by, 

substituting  the  maximum  current  and  the  AC  resistance  yields, 

/>  =l.^£f  jl+rp  (92) 

This  expression  accounts  for  the  average  power  loss  on  the  edge 
which  i.?  dissipated  by  the  resistance  that  dominant  and  the 
higher-order  mode  currents  experience.  The  power  dissipated  on 
the  edge  is  directly  proportional  with  the  strip  thickness.  This 
means  that  the  thicker  the  strip,  the  more  the  power  loss  and  vice 
versa The  stored  magnetic  energy  in  the  inductance  can  be 
obtained  from  the  second  term  on  the  right  in  Eq.90.  It  is, 

<93) 

dt  dt’ 


solving  f'>r  stored  magnetic  energy  ,UM,  gives. 


And  substituting  the  maximum  current  expression  yields  the  final 
expression  for  the  stored  magnetic  energy  in  the  inductance  as, 

.  (95) 

since  the  value  of  inductance  L  given  in  Figure  11  can  be  obtained 
from  Eg. 88  for  any  variation  in  the  finline  and  strip  dimensions, 
utilizing  this  value  of  L  in  Eq.95  accounts  for  the  peak  stored 
magnetic  energy  of  the  higher  order  modes  in  the  vicinity  of  the 
strip  edge,. 

D.  THE  QUALITY  EACTOR  OF  THE  KDCaE 

Quality  factor  of  the  circuit  given  in  Figure  11  can  be 
defined  in  terms  of  the  stored  and  dissipated  energy.  It  can  be 
given  as, 

Q.^Stored  energy  (96) 

Power  loss 

and  substituting  the  expressions  for  the  stored  energy  (Eq.95)  and 
power  loss  (Eq.92)  yields, 

-  =  ail  ,  BT) 

•i(>— £f|l*r|= 

Inspection  of  the  equation  shows  that, 

Q=a)—  ,  (98) 

Rac 

which  i '■  I- he  definition  of  Quality  factor  for  series  LR  circuit. 
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Analysis  of  the  power  loss  and  the  stored  energy  expressions 
indicates  that  the  total  current  increases  with  the  increasing 
thickness  of  the  edge  and  with  the  higher  conductivity  of  the 
strip.:  This  increase  in  the  total  current  tlow  increases  the 
power  loss  and  the  stored  energy  both.  But,  with  the  increasing 
current  flow  more  energy  is  stored  in  the  inductance  than  is 
dissipated  as  heat  on  the  resistance  by  a  factor  equal  to  the 
square  loot  of  the  conductivity  and  the  strip  thickness,  t.  Thus 
the  Q  factor  of  the  edge  increases  with  the  increasing  strip 
thickness  and  conductivity.  It  can  be  deduced  that  the  better  the 
quality  of  the  conductor  that  the  strip  is  made  of,  and  the 
thicker  the  strip  ip,  the  higher  the  Quality  Factor  of  the  strip 
edge  discontinuity. 

In  the  experiments  that  were  conducted  2  mils  thick  beryllium 
copper  was  used  as  an  inductive  strip.  Evaluation  of  the  Q 
express.i.on  for  this  strip  at  10  Ghz  yields  the  value  Q=45  which 
is  quite  different  than  the  case  where  the  edge  inductance  is 
assumed  to  be  lossless  with  infinite  Q.  This  shows  that  the 
finite  conductivity  of  the  strip  has  to  be  taken  into  account  for 
the  better  prediction  of  the  experimental  results  by  the  inductive 
strip  circuit  model. 
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V.  MODEL  CXWCBPT 


Until  now,  losses  associated  with  the  inductive  strip  were 
analyzed  and  related  loss  expressions  were  developed.  In  this 
chapter,  the  power  loss  will  be  included  in  the  strip  model  and 
the  improvement  in  the  prediction  of  the  experimental  data  will 
be  inspected  for  a  f inline  filter  with  and  without  loss . 

A.  APPLICATION  OP  BBLON  CUTOIT  LOSS  TO  THE  FIMLINB  STRIP  MODEL 

Referring  to  the  Figure  3,  it  was  stated  that  the  propagating 
dominant  mode,  and  the  higher  order  TE  modes  created  by  the  edge 
discontinuity  become  evanescent  in  the  below  cutoff  sections. 
These  evanescent  TE  modes  originate  the  localized  fields  hence  are 
represented  by  stored  magnetic  energy.  And,  it  was  analytically 
shown  that  the  more  the  operating  frequency  is  below  cutoff,  the 
more  the  energy  is  stored  in  the  magnetic  field;  from  which  it  can 
be  deduced  that  the  below  cutoff  sections  may  be  modelled  by  a 
reactive  network  that  is  made  of  inductive  elements. 

Generally  a  transmission  line  can  be  represented  by  an 
equivalent  Tee  circuit  given  in  Figure  12 .  And  the  associated 
impedance  matrix  representations  can  be  given  by. 


[Z]=[ 


j  ZoCOthCvO 

z,.z.  Zq 
siiih(Y0 


^0 

sinh(Y0 

Z<,coth(Y0 


(99) 
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Solving  for  the  impedances  yields, 


Za=2’j=Z(,[coth(Y0- 

^c= 


2o 

sinACyO 


cosh(Y0-l^ 

sinhCyO 


(100) 


where 


l^cosh(Y0  Ij  shown  to  be  equivalent  to  [tanh(— )] . 

sijDh(Y0  2 


Thus 


the  equivalent  Tee  impedances  are, 


Z„=Z,=Zotaidi(^) 

Z^^Zffschiyt) 


(101) 


Figure  12  Tee  equivalent  circuit  of  a  transmission  line  with  length  1. 


A  below-cutoff  waveguide  section  may  also  be  represented  by 
an  equivalent  Tee  circuit  model. The  model  impedances  are  given  by. 
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Z,=Zj=>AotMih(^) 

Z=jX^cschiyC) 


(102) 


where  characteristic  impedance  Xq  is  given  by  Eq.4. 

Since  the  characteristic  impedance  of  a  lossless  below-cutoff 
section  is  inductive,  the  Tee  equivalent  circuit  model  is  composed 
of  infinite  Q,  purely  inductive  elements  emphasizing  that  the  peak 
stored  energy  occurs  in  the  magnetic  field. 

The  model  is  dependent  on  the  waveguide  dimensions  and 
operating  frequency,  but  it  is  significantly  sensitive  to  a 
variation  in  the  guide  length.  A  slight  increase  in  the  guide 
length,  causes  a  small  increase  in  Z,  and  Z^,  but  a  large  decrease 
in  Zg  that  makes  the  middle  branch  closer  to  a  short  circuit . 
This  means  that  the  longer  the  below-cutoff  guide  is,  the  less  the 
coupling  becomes .  And  since  the  evanescent  fields  attenuate  very 
rapidly  with  the  distance,  a  better  coupling  can  be  maintained 
with  the  shorter  below-cutoff  guides  which  points  out  that  the 
model  is  reasonedjle  when  the  length  of  the  guide  is  considered. 

In  Chapter  III  the  resistive  part  of  the  characteristic 
impedance  was  developed  associated  with  the  wall  losses. 

Power  loss  can  be  included  to  the  lossless  model  by  making 
use  of  the  characteristic  impedance  that  accounts  for  the  wall 
losses .  It  can  be  written  as,  Zo=Ro+jX(,  where  Rj  and  Xq  are  given 
by  Eq.29  and  Eq.4  respectively. 

Thus  impedances  of  the  Tee  circuit  model  for  lossy  below- 
cutoff  waveguide  may  be  given  by. 
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Z«=2,-(/^4>Xo)tanh(^) 

Z^=-iR^+jX^cschiyt) 


(103) 


and  the  model  itself  is  given  in  Figure  13 . 


Figure  13  Lossy  Tee  equivala\t  circuit  of  the  below-cutoff  waveguide. 


Another  way  of  adding  the  effect  of  the  power  loss  to  the 
circuit  model  can  be  managed  by  replacing  the  dissipationless 
reactive  elements  with  the  dissipative  ones;  hence  the  infinite 
Q  inductances  can  be  replaced  with  the  finite  Q  inductances.  And 
since  the  Quality  factor  of  a  below-cutoff  waveguide  is 
independent  of  the  guide  length,  using  finite  Q  inductances  can 
be  considered  as  an  equivalent  approach  to  the  one  discussed 
above . 
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Referring  to  Figure  3,  the  belowcutoff  waveguide  sections 
can  be  replaced  with  a  lossy  Tee  equivalent  circuit  model  as  shown 
in  Figure  13 . 

Thus  it  is  accon^lished  to  include  below-cutoff  wall  losses 
in  the  inductive  strip  circuit  model. 

B.  APPLICATION  OP  EDOB  LOSS  TO  THB  PIMLIMB  STRIP  NODBL 

In  chapter  IV,  it  was  found  that  the  strip  edge  has  a 
resistance  of  R,  given  in  Eq.87. 

To  obtain  an  accurate  response  prediction  for  the  inductive 
strip,  the  significant  effect  of  the  ohmic  losses  on  the  edge 
should  be  included  in  the  lossless  model.  Referring  to  Figure  3, 
this  can  be  performed  by  connecting  the  inductor  in  series  with 
a  resistance  of  the  value  equivalent  to  edge  resistance,  R, .  The 
other  approach  of  using  finite  Q  inductances  as  circuit  element 
in  the  model  is  also  valid  for  edge  losses .  This  requires  use  of 
the  Quality  Factor  derived  for  the  inductive  strip  edge  (Eq.98). 

By  including  edge  losses  in  the  model,  where  the  below-cutoff 
wall  losses  have  already  been  included,  it  is  possible  to  bring 
in  all  the  associated  losses  to  the  CAD  compatible  circuit  model 
of  the  inductive  strip. 

Three  different  lossless  circuit  models  of  inductive  strip  in 
homogeneous  finline  can  be  found  in  the  technical  report  by  Knorr 
[Ref. 2].  These  equivalent  circuit  models  vary  from  simple  to 
complex,  and  become  more  accurate  with  increasing  complexity. 

Figure  14  shows  the  lossy  circuit  model  of  the  inductive 
strip.  It  is  obtained  by  applying  the  associated  losses  to  the 
most  complex  lossless  model  (Model  3)  [page  11  in  Ref. 2]. 
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Figure  14  Lossy  CAD  compatible  circuit  model  of  the  inductive  strip. 

C.  CONPARXSON  OF  TBI  ■XPSRZMKMTAL  AHD  TBB  CZRCaiT  MODIL  MCSF0N8B 
or  A  rZNLIHB  rZLTSR  irZTB  AMD  MZTHOOT  LOSS 

CAD  compatible  circuit  model  of  the  inductive  strip  in 
finline  has  wide  application  in  designing  networks  with  finline 
components .  One  of  the  principal  applications  of  the  model  is 
designing  finline  filters. 

Basically,  a  finline  filter  can  be  built  by  coupling  high  Q 
finline  resonators  together.  And  a  finline  resonator  consist  of 
two  inductive  strips  separated  by  a  length  of  finline  where  the 
strips  are  utilized  as  reflective  boundaries. 

An  extensive  study  of  finline  resonators  and  filters  can  be 
found  in  Ref. 2-6.  One  of  the  experiments  that  is  discussed  in 
Pef.6  is  the  measurement  of  the  insertion  and  return  loss  of  a 
symmetric  X-band  filter. 
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The  filter  configuration  consists  of  3  resonators  and  4 
strips  with  the  dimensions  (in  mils)  of  Ti*90,  Ri=558,  T2-250, 
R2»540,  T3=240,  R3*540,  T4«90  where  R  and  T  represents  the  length 
of  the  resonator  and  the  length  of  the  strip  x aspect ively.  And 
the  fin  structure  of  the  filter  is  fabricated  from  a  2  mil  thick 
sheet  of  beryllium  copper  that  has  a  conductivity  25  %  that  of 
copper . 

The  response  of  the  filter  was  measured  on  HP8756  scalar 
network  analyzer.  It  consists  of  insertion  and  return  loss 
curves.  The  response  that  is  taken  from  Ref.  6  is  given  in  Fig.  15. 


Figure  15  Experimental  response  of  a  X-band  finline  filter 

The  same  X—band  filter  was  modeled  by  using  the  circuit  model 
of  the  strip  with  and  without  loss.  The  predicted  response  using 
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by  both  lossy  and  lossless  models  were  conpared  with  the 
experimental  response  to  evaluate  the  discrepancy  created  by  the 
loss . 

Touchstone  software  was  used  to  simulate  the  filter  and  to 
obtain  the  predicted  response .  The  lossy  model  of  the  strip  was 
constructed  using  finite  Q  inductors  as  the  only  circuit  element. 
This  approach  results  in  the  szune  predicted  response  as  using 
series  resistances  would,  but  it  is  sinpler. 

The  loss  associated  with  the  resonator  gaps  is  accounted  for 
the  software  since  they  are  defined  by  the  equivalent  waveguide 
sections.  Another  loss  source  associated  with  the  experimental 
response  of  the  filter  is  due  to  housing  (shield)  in  which  the 
filter  structure  is  placed  and  measurements  are  taken.  Extra 
length  of  the  shield  creates  additional  losses .  These  losses  were 
also  included  in  the  model  by  connecting  the  necessary  lengths  of 
f inline  to  both  ends  of  the  filter  circuitry. 

Thus,  the  equivalent  circuit  model  of  the  X-band  :  nline 
filter  would  be  able  to  account  for  all  the  associated  losses. 
The  circuit  and  the  data  file  is  given  in  Appendix  A. 

The  predicted  response  of  the  filter  was  obtained  in  the  same 
frequency  band  as  the  experimental  response  to  ease  point  by  point 
coitparison.  It  was  plotted  on  the  same  grid  for  the  lossy  and 
lossless  models  and  is  presented  in  Figure  16. 

First,  the  predicted  response  without  loss  was  compared  with 
the  experimental  response..  It  can  be  seen  that  both  the  insertion 
and  return  loss  curves  are  in  very  good  agreement .  The  two 
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significant  discrepancies  are  in  the  pass  band  insertion  and  the 
return  loss.  The  measured  insertion  loss  varies  between  1  and  2.5 


D  00(521]  +  00(5211  0  DBiSllj  x  DB^Sll] 

L055LE55  L0S5Y  L055LE55  L055Y 

20.00 


-20. 00 


-60.00 

a  000  ^ 

Figure  16  Predicted  response  of  the  filter  with  and  without  loss. 

db  which  is  small  but  remarkaOsly  greater  than  the  predicted 
insertion  loss.  There  are  small  but  noticeable  differences 
between  the  shape  of  the  experimental  and  predicted  return  loss 
curves  which  shows  a  maximum  difference  of  6  db . 

Point  by  point  comparison  of  the  experimental  response  and 
the  predicted  response  with  loss,  shows  that  the  insertion  and 
return  loss  curves  are  in  even  better  agreement  than  the  previous 
lossless  case.  Both  of  the  discrepancies  found  in  the  lossless 
case  are  reduced  in  the  predicted  response  of  the  lossy  model . 
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The  predicted  insertion  and  return  losses  are  almost  equivalent 
to  those  measured,  with  maximum  difference  of  1  db. 

Thus,  it  can  be  deduced  that  a  significant  improvement  is 
obtained  in  the  accuracy  of  the  predicted  response  of  the  filter 
by  utilizing  the  lossy  circuit  model  of  the  inductive  strip. 
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VI.  CONCLOSIOMS  AND  RBCXMNINDXTIONS 


A.  CONCLUSIONS 

This  thesis  describes  the  derivation  of  the  analytical  loss 
expressions  for  the  inductive  strip  septum  in  homogeneous  finline 
and  the  inclusion  of  the  loss  in  the  equivalent  circuit  model. 
The  losses  associated  with  the  inductive  strip  were  analyzed  as 
ohmic  losses,  dissipated  on  the  walls  in  below  cutoff  sections, 
and  on  the  strip  leading  edge.  Considering  the  energy  flow 
through  the  inductive  strip,  it  was  analytically  shown  that  both 
in  the  below-cutoff  sections  and  around  the  strip  leading  edge, 
the  energy  is  predominantly  stored  in  magnetic  field,  justifying 
the  inductive  effect  of  the  septum.  The  Quality  Factors  for  both 
loss  sources  were  derived  by  utilizing  the  Power  Loss  and  Stored 
Energy  expressions.  Evaluation  of  the  Q  factors  at  10  GHz  results 
in  the  value  of  5327  for  below-cutoff  sections  and  45  for  the 
strip  leading  edge.  When  conpared  with  the  below-cutoff  wall 
losses,  the  significant  role  of  leading  edge  loss  on  the  overall 
strip  losses  can  be  recognized  from  the  values  of  the  Q  factors. 

Concerning  the  lossy  model  concept,  the  effect  of  the  loss 
was  included  in  the  circuit  model  of  the  inductive  strip  by  means 
of  finite  Q  inductances  that  replace  the  ideal  inductors  of  the 
lossless  model.  The  accuracy  of  the  model  was  justified  by 
comparing  the  experimental  and  the  predicted  response  of  a  X-band 
finline  filter,  that  is  simulated  using  the  lossy  circuit  model 
of  the  inductive  strip.  The  responses  had  the  same  shape  with  the 
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maximum  discrepancy  in  the  vicinity  of  1  db.  As  e  result,  the 
accuracy  of  the  inductive  strip  circuit  model  has  been  improved 
by  incorporating  the  effect  of  the  associated  ohmic  losses . 

B.  RBCXMMINDATIONS 

The  model  accounts  for  the  loss  associated  with  a  thin 
centered  inductive  strip  placed  in  homogeneous  f inline.  It  would 
be  interesting  to  incorporate  the  effect  of  the  dielectric  losses 
in  the  circuit  model  of  the  inductive  strip  positioned  in 
inhomogeneous  f inline,  when  such  a  model  is  developed. 


51 


APPENDIX  A 


The  circuit  file  of  X-band  f inline  filter. 
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IfJC  2'  2  L  4l22 

2E=2''  '  .2  :■ 

<444  ’  2  3  2  "I  ” 
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KFER  1  2  0  0  N'KI 

LD  2  3 

LD  2  3 

LO  4  3 

LO  4  3 

XFER  5  4  0  0  N-xi 

0EF2P  1  5  LSTRIP4 

I  oefinins  the  resonator  saps  and  the  test  case 
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-61.928 

-62.813 
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!e.«2ee 
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-6.929 

io.43ee 

-1 .210 
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l•.44ee 
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ie.4S0a 

-1 .853 
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-4.241 

-2.633 

-2.938 
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-4.001 

-4.659 

-2.294 
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-8.690 

-9.002 
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-0.245 
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